This paper discusses the micro-Doppler signatures of small UAVs obtained from a millimeter-wave radar system. At first, simulation results are shown to demonstrate the theoretical concept. It is illustrated that whilst the propeller rotation rate of the small UAVs is quite high, millimeter-wave radar systems are capable of capturing the full micro-Doppler spread. Measurements of small UAVs have been performed with both CW and FMCW radars operating at 94 GHz. The CW radar was used for obtaining micro-Doppler signatures of individual propellers. The field test data of a flying small UAV was collected with the FMCW radar and was processed to extract micro-Doppler signatures. The high fidelity results clearly reveal features such as blade flashes and propeller rotation modulation lines which can be used to classify targets. This work confirms that millimeter-wave radar is suitable for the detection and classification of small UAVs at usefully long ranges.
INTRODUCTION
In the past few years, consumer drones have become readily available to the general public. Along with providing many opportunities, drones can also pose significant security threats. A user with malicious intent can use it for dropping/transferring explosives or contraband, illegal video recording etc. Equally importantly, even a novice user can create problems unintentionally which may disrupt a citizen's privacy/safety or create damage to an important facility.
Radar micro-Doppler signatures are an intrinsic characteristics of any small UAV (sUAV) due to its propeller rotation. Any countermeasure system for sUAVs flying over restricted areas would require classification of the detected moving target, hence micro-Doppler signatures can be very useful for sUAV identification. In 1, 2, 3 , the concept of the microDoppler signature of an object and its effect on radar signal returns have been elaborately discussed. These papers provide the mathematical approaches for extracting the micro-Doppler information from the radar data. In 4, 5 , experimental results are shown where micro-Doppler features of a sUAV are demonstrated by means of spectrogram and range-Doppler plots. Those experiments were conducted with X-band FMCW and CW radars and demonstrated the micro-Doppler effect due to the propeller rotation of sUAVs. In 6, 7 , micro-Doppler results are reported for experiments conducted with with S-band multistatic radar. They have shown the difference between micro-Doppler signatures of the sUAV propeller rotation and the wing flapping of birds. It infers that a coherent radar system which is sensitive enough to acquire micro-Doppler properties of a flying object can be used to classify the object (e.g. identifying the flying object as a sUAV or a bird). Even though quite a lot of research work has been carried out recently in the field of radar micro-Doppler signatures of a sUAV, the number of reports on millimeter-wave radar micro-Doppler sUAV data is very few. This paper intends to provide experimental results of micro-Doppler signatures of a sUAV obtained in the millimeter-wave band (94 GHz).
In this paper, the theoretical concept of micro-Doppler signatures is discussed. Simulations are performed to demonstrate the method of obtaining micro-Doppler signatures of an object from coherent radar data. The simulation parameters are determined by keeping in mind the practical specifications of a sUAV and the radar used for the field test. Different frequency values are used to compare micro-Doppler performance. The simulation of bird micro-Doppler is also performed for comparison. Finally, experimental results are shown and analyzed. The results were obtained with existing 94 GHz CW and FMCW radar systems at the University of St Andrews.
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MICRO-DOPPLER SIGNATURE OF A SUAV

Basic concept of micro-Doppler
Periodic movement of any structural component of an object can be called "micro motion" 8 . Examples of micro motion are the swinging arms and legs of a human body, the flapping wings of a bird or the propeller rotation of a sUAV. These micro motions induce side bands about the bulk Doppler frequency and are known as micro-Doppler frequencies.
The micro-Doppler effect in radar is heavily frequency dependent. For the purpose of this paper, explanation is provided in terms of the propeller blade rotation of helicopter-like flying objects. Considering L as the length of the blade from its center and Ω as the rotation rate in revolution/second, the blade tip velocity Vtip = 2πLΩ. The maximum Doppler shift can be readily calculated as 8 ,
where β is the elevation angle and λ is the radar wavelength. It can be seen from Eq. 1 that maximum Doppler frequency is proportional to radar operating frequency. This suggests that using a higher frequency radar would provide a comparatively higher frequency Doppler signal. It should be noted that the propeller rotation rate of a commercial sUAV can be within the range of 100-200 Hz or even more.
As micro-Doppler is time dependent, the feature extraction from the radar data should account for the time dependency as well. A standard Fourier transform provides frequency information but not temporal information. To achieve that, the Short Time Fourier Transform (STFT) 9 is used. This method takes a signal chunk and divides it into small parts maintaining time continuity. Each small part is windowed and Fourier transformed and the set of resulting spectra is shown as a spectrogram. This provides temporal information along with the frequency information while processing radar microDoppler data. Also, due to the time dependency, a high sampling rate is required to unambiguously detect the microDoppler signal of the fast rotating propeller blades. For an FMCW radar, the maximum unambiguous Doppler frequency is inversely proportional to the FMCW radar chirp period, fd, max = 1/2ts, where ts is the chirp period. The rate at which individual chirps are sampled in an FMCW radar can therefore be very high if a large unambiguous Doppler frequency is required. In contrast, the sampling rate required for a CW radar is lower, simply set by the maximum Doppler shift, which gives CW radar an apparent advantage. In practice though, a sUAV detection system will require to track the position of the vehicle as well so range information is required and solely using a CW radar is not a practical solution.
MICRO-DOPPLER SIMULATION RESULTS
This section illustrates and analyzes the micro-Doppler simulation results. The simulation parameters used here are based on actual physical dimensions and rotation rate of the propeller blades of a commercial drone. The chosen radar frequency is 94 GHz in order to maintain consistency with the subsequent experimental results.
Mathematical model and simulation parameters
For visual clarity, one rotor with two blades is modelled first. For propeller blade modelling, the equation from Chen 8 for the time domain signature of rotor blades is used. The total received signal in the time domain is 8 ,
In Eq. 2, Ro is the distance between the radar and the reference coordinate origin, zo is the axis around which the propeller blades are rotating, φo is the initial rotation angle and Φk is the phase function. Here, k=0, 1, 2,…N-1; where N is the number of blades. Extending the modelling to four rotors as used in a quadcopter, different values of Ro are used according to the actual geometry of a commercial drone (DJI Phantom 3 Standard). The blade length of the DJI Phantom is measured to be 13 cm. The adjacent rotor centers are 29 cm apart from each other and the diagonal distance is 41 cm. Also, different rotation rates for the propellers are used when modelling with four rotors. This is due to the fact that in practice, propellers of a sUAV rotate at different rates to maintain orientation and stability. The values are determined by means of realistic Doppler frequency produced due to rotor rotation. From the product specification of the DJI Phantom, the propeller rotation The elevation angle has been considered to be zero degree for the sake of simplicity. For 10 GHz, the maximum Doppler is 10.9 kHz. Figure 1 and Figure 2 clearly show this difference in Doppler spread for the two frequencies. This simply confirms that transmitting radar signals at higher frequencies will generate higher Doppler frequencies. Continuous blade flashes (red vertical lines) are observed where at a given time, the top half corresponds to one blade and the bottom half corresponds to the other one, and they are momentarily aligned normal to the radar beam producing a strong reflection.
As discussed before, STFT requires windowing a portion of a signal. Depending on the window length, the temporal and frequency resolution of the STFT will vary. This has a significant effect on the final image and the information obtained from the image. For Figure 1 and Figure 2 , STFT is performed by using short window (1 millisecond) to achieve better Figure 3 shows the HERM lines obtained by using a larger STFT window (25 milliseconds). The line spacing is the product of the rotor rotation rate and the number of blades. As the rotor rotation rate is 200 Hz and there are two blades, the line spacing should be 400 Hz which is seen in Figure 3 . In a practical situation for a drone with more than one rotor and with different rotation rates, this constant spacing is highly unlikely to be observed. Simulation results for the micro-Doppler signatures of a bird are also presented here for comparison. Simulation was done by using bird modelling equations from 8 . A 94 GHz signal frequency is used here as well. Also, different frequencies of flapping wings of birds are used, which are significantly lower than the sUAV propeller blade rotation rates. Figure 5 shows the spectrogram for 10 Hz and 2 Hz wing flapping frequencies, respectively. It can be clearly seen that the micro-Doppler signature of a bird is very different from that of a sUAV. These unique signatures can be used for distinguishing between a sUAV and a bird, which is a very practical requirement. It should be noted that the data acquisition period is quite long (1 second, whereas time period was 100 milliseconds during modelling for sUAV). It suggests that in order to capture the micro-Doppler properties of a bird, a high PRF signal usually used for obtaining sUAV data cannot be used. It can be inferred from Figure 5 that by using a 100 millisecond coherent processing interval, only a single periodic rotation of 10 Hz wing flapping can be captured. In the case of 2 Hz wing flapping, it will be not possible to obtain any temporal information in a 100 ms data capture. This could pose a problem for a single unit sUAV classification radar system design. A trade-off will be required in order to extract sufficient micro-Doppler information for both objects without significantly deteriorating the reliability of the classification algorithm. 
CW AND FMCW RADAR EXPERIMENTAL RESULTS
The experimental results shown in this section are all obtained from the radar systems built at the University of St Andrews and operating at 94 GHz.
CW radar
A lab based CW radar measurement was performed to examine the micro-Doppler characteristics of a single two bladed propeller at 94 GHz. Plastic rotor blades from a quadcopter mounted on a variable speed motor was used for the experiment (blade length is 11.81 cm). A digital oscilloscope with a 250 ksamples/second was used to sample the radar IF signal. The distance between the center of the blades and the radar was 57 cm. The CW radar does not have I-Q outputs so cannot distinguish between positive and negative velocities. Figure 6 shows the flashes of the approaching and receding blades being overlaid. The bottom two images in Figure 6 are obtained by carefully placing RF absorbers in front of the radar to obtain spectrograms of only the 
FMCW radar
All the FMCW radar results presented in this paper were obtained with the 94 GHz NIRAD radar 11 . The data collection was done by operating the radar in staring mode while using two channels (I and Q). Circular polarization was used and signals collected for odd-bounce targets. The DDS chirp duration was 102.4 μs and the chirp repetition interval was 144 μs and the sampling rate was 10 MHz. The radar operating bandwidth was 600 MHz, corresponding to a range resolution of 25 cm. The maximum unambiguous Doppler signal obtained can be readily calculated from the chirp interval, and is 3.47 kHz. In order to demonstrate that the micro-Doppler of a drone will be significantly different from a signature of some other object, the spectrogram of a human (the drone operator) is shown in Figure 9 for comparison. All the radar settings were exactly the same. As the operator was standing, the bulk Doppler is zero throughout. Slight jitters can be attributed to their movements whilst operating the drone. Comparing Figure 8 and Figure 9 , the contrast in terms of micro-Doppler features is easily observed. A single Doppler spectrum taken from the long window STFT spectrogram is plotted in Figure 11 . The HERM lines can be seen very distinctly and well above the noise floor, but the spacing between adjacent peaks is not constant and varies between 83-170 Hz. This is expected in a realistic scenario as discussed earlier. The HERM line frequencies are much lower than those shown in the models (Figures 3 and 4) because the chirp repetition frequency in the experimental setup was much lower than that used in the simulations. In Figure 11 , the Doppler frequencies from the propellers are being undersampled. Since there are eight blades mounted on four rotors which are rotating with variable speed, complex modulation is occurring as evident from Figure 11 . Comparing the two spectrogram results in Figure 10 , it can be said that using different window length demonstrates different features. This can be used as an advantage during classification process. It should be mentioned that the microDoppler signal return is also dependent on the aspect angle of the drone with respect to the radar. So, in practice, developing an algorithm exclusively in terms of the blade flashes of a drone arbitrarily flying a few hundred meters away from the radar may be imprudent. Hence, combining both results can increase the reliability of the classification algorithm.
CONCLUSION AND FUTURE WORKS
The study of the micro-Doppler properties of sUAVs at millimeter-wave frequencies was the primary focus of this paper. Simulations were performed first to demonstrate the theoretical concepts. It was confirmed that using a higher radar frequency will generate higher Doppler frequencies, which can be advantageous for designing a system dedicated to detecting and classifying sUAVs. Also, the micro-Doppler signatures of a bird have been shown to be markedly different from those of a drone, which is also very useful for object identification. HERM lines produced due to the propeller rotation rate were demonstrated by using longer STFT window. Experimental results for both CW and FMCW radar data validate the simulated results.
Micro-Doppler signatures including blade flashes due to the propeller blades were observed from a DJI Phantom 3 Standard using a 94 GHz FMCW radar at a range of 120 m. High signal-to-noise ratio was obtained from the drone and its propellers at this range. Also, HERM lines can be revealed in the measured data by suitable processing. Comparison of spectrograms of a sUAV and a human was made which shows a clear difference in the micro-Doppler features. The processed micro-Doppler results can certainly be used for studying unique sUAV characteristics and target classification. From the experimental results, it can be suggested that millimeter-wave radar is very sensitive to the micro-Doppler returns of a sUAV and is suitable for the detection and classification of such targets at usefully long ranges.
Whilst different STFT window lengths can increase the consistency of a classifier, they can also increase the computational load. Hence, other joint time-frequency analysis methods will also be explored in the future. For instance, the wavelet transform method actually takes the window length into account. It plots a scalogram by correlating signals by varying the wavelet length. The two main factors that will be taken into consideration are the false alarm rate and the computation time (for STFT, the actual time would be the addition of the time taken for both short and long window). Also, the change in micro-Doppler returns due to varying the chirp repetition interval of the millimeter-wave FMCW radar will also be examined in the future.
